2008). AID chromatin binding does not directly correspond to DNA damage (Yamane et al., 2011; Hakim et al., 2012; Matthews et al., 2014) , suggesting that factors beyond AID recruitment influence the targeting of AID mutator activity.
AID activity is modulated in vivo by phosphorylation on several residues including serine 3, serine 38, and threonine 140 (McBride et al., 2008; Gazumyan et al., 2011; Le and Maizels, 2015) . The best-characterized modification is phosphorylation on AID serine 38 (pS38; Basu et al., 2005) . Only a small percentage of total cellular AID is pS38 modified, but it is enriched on chromatin-associated AID (McBride et al., 2006) . The role of pS38 in CSR and SHM has been defined with AID serine 38 mutated to alanine (AID S38A ) knock-in mice. B cells from these mice support CSR and SHM at 20% of the level of WT mice, demonstrating that pS38 regulates AID activity at the Ig variable and switch regions (McBride et al., 2008; Cheng et al., 2009 ). However, off-target AID activity has not been evaluated in these mice.
S38 is a consensus site for several kinases (McBride et al., 2008) , including the cAMP-dependent protein kinase, PKA (Basu et al., 2005) . PKA associates through its regulatory subunit at the Ig switch regions, potentiating AID phosphorylation and activity there. Consistent with this, PKA inhibitors or hypomorphic PKA mutants impair CSR (Pasqualucci et al., 2006; Vuong et al., 2009) . DNA damage and activation of ataxia telangiectasia mutated (ATM) facilitate a pS38 positive feedback loop to facilitate CSR (Vuong et al., 2013) . Although the switch regions provide an environment rich in DSBs and ATM activation, a role for ATM and PKA in regulating pS38 at Ig variable regions or off-target genes is not clear.
With an incomplete understanding of signaling pathways that affect AID phosphorylation, we sought to identify pharmacological inhibitors that alter AID pS38. In our studies, we discovered that lithium salts significantly increase pS38. Lithium is used clinically to treat bipolar disorder, depression, and associated mental health disorders (Goodwin et al., 2007) , but also modulates several inflammatory and immune functions (Chiu et al., 2013; Maddu and Raghavendra, 2015) . Lithium is an inhibitor of glycogen synthase kinase 3 (GSK3; Ryves and Harwood, 2001) , which was our original rationale for analysis. However, lithium modulates other signaling pathways and transcription factors unrelated to GSK3 (Lenox and Wang, 2003; Chiu et al., 2013) . In this study, we use lithium as a tool to investigate the consequence of altered AID pS38 on AID activity. Together with analysis of AID S38A B cells, we defined the role of pS38 in mutation activity at the Ig switch region, the Myc oncogene, and genome-wide off-targets.
rESultS And dIScuSSIon lithium treatment induces AId serine 38 phosphorylation AID is phosphorylated on S38, and this modification regulates AID activity in SHM, CSR, and gene conversion (Chatterji et al., 2007; McBride et al., 2008; Cheng et al., 2009 ). Anti-pS38 antibodies have been produced and specifically detect pS38 on AID ( Fig. S1 A; McBride et al., 2006 McBride et al., , 2008 .
To determine the impact of lithium on AID pS38 levels, we examined AID from splenocytes stimulated to undergo CSR. We initially used B cells from Flag-tag knock-in AID (AID F/F ) mice that express functional AID at physiological levels (Pavri et al., 2010) . B cells were activated with LPS and IL-4 for 3 d before lithium acetate (LiAc) treatment. We found that LiAc increased pS38 in a time-and dose-dependent manner ( Fig. 1 A) . This effect was lithium specific, as both LiCl and LiAc ( Fig. S1 B) increased pS38 levels, whereas NaCl, used as a control, did not ( Fig. 1 B) . LiCl induced pS38 in activated primary WT B cells (Fig. 1 B) and in the B cell line CH12 ( Fig. 1 C) . We concluded that lithium induces pS38 beyond physiological levels. Interestingly, the LiCl induced a small but consistent drop in total AID levels ( Fig. S1 C) .
Lithium is an inhibitor of GSK3 (half-maximal inhibitory concentration [IC 50 ] 2 mM; Ryves and Harwood, 2001) , and this action is thought to contribute to its mood-stabilizing effects. (Klein and Melton, 1996; Chiu et al., 2013) . To determine whether GSK3 influences pS38 levels, we treated B cells with the specific GSK3 inhibitor CHIR99021 (IC 50 10 nM; Ring et al., 2003) . Although treatment with LiCl led to a substantial increase in pS38, CHIR99021 treatment did not ( Fig. 1 D) . The effect of CHIR99021 on pS38 was a modest ∼2-fold increase with varied time and inhibitor concentrations ( Fig. 1 E) . We concluded that lithium is not regulating pS38 through the GSK3 pathway. Lithium has pleiotropic effects in B cells; 12-h LiCl treatment altered phospho-sites on a small subset of proteins regulated by different kinases (Fig.  S1 D) . Lithium also modulates expression of several genes. To determine whether new protein synthesis is required for Li-Cl-mediated pS38 induction, we treated B cells with the ribosome translation inhibitor cycloheximide (CHX). 7-h CHX treatment led to a substantial drop in AID levels. However, LiCl treatment resulted in an ∼8-fold increase in pS38 signal regardless of CHX treatment ( Fig. 1 F) . We concluded that de novo protein synthesis is not required for LiCl to induce pS38.
AId serine 38 phosphorylation and chromatin association
AID must shuttle to the nucleus and associate with chromatin to function. In B cells undergoing CSR, the majority of AID is cytoplasmic, and only a small percentage (5-10%) is associated with chromatin, which is enriched in pS38 (McBride et al., 2006) . To determine whether pS38 influences AID chromatin association, we purified the chromatin fraction of B cells from WT or AID S38A mice and determined the relative AID level (Fig. 2, A and B ). We found that AID S38A B cells displayed AID chromatin levels ∼30% those of WT cells, suggesting that pS38 promotes chromatin association of AID. To determine whether enhanced pS38 increased AID chromatin association, we analyzed cytosolic and chromatin fractions from LiCl-treated or control NaCl-treated B cells (Fig. 2, C and D) . Although LiCl induced no significant change in AID chromatin level, LiCl did significantly increase the pS38 level of AID associated with chromatin ( Fig. 2 , E and F). These results suggest that a population of nonphosphorylated AID is normally associated with chromatin and that LiCl can enhance pS38 levels on chromatin.
Enhanced AId serine 38 phosphorylation does not increase cSr AID phosphorylation is required for full activity in CSR. B cells from AID S38A B cells support CSR to IgG1 at ∼20% the rate of WT (McBride et al., 2008; Cheng et al., 2009 ). To determine whether higher pS38 increases CSR, we analyzed the effect of LiCl on CSR. To distinguish the effect of enhanced pS38 from pleotropic effects of LiCl, we compared CSR to IgG1 in B cells from WT and AID S38A mice ( Fig. 3 A) . Naive B cells were activated with LPS and IL-4 for 3 d, with 10 mM LiCl or NaCl treatment for the final 12 h before analysis ( Fig. 3 A) . LiCl-treated WT cells displayed CSR to IgG1 at levels 75% those of controls (Fig. 3 , B and C). As expected, AID S38A B cells displayed CSR at rates 20-30% of WT (McBride et al., 2008; Cheng et al., 2009 ). The addition of LiCl treatment resulted in AID S38A CSR at 80% of NaCl control (Fig. 3 , B and C). We found that LiCl treatment of both WT and AID S38A B cells resulted in similar CSR reduction compared with NaCl control. We concluded that increasing pS38 beyond physiological levels does not enhance CSR. The small, but significant, decrease in WT B cell CSR may be caused by pleiotropic effects because we observed a similar, although not significant, trend in AID S38A B cells. AId serine 38 phosphorylation promotes Myc/Igh translocations AID activity at off-target sites can induce DSB substrates for chromosome translocations. AID induces the oncogenic Myc/ Igh translocation by causing DSBs at both Igh and Myc, with DSBs at Myc being rate limiting Robbiani et al., 2008) . The contribution of pS38 to off-target AID activity is not known. Therefore, we determined the effect of increased pS38 on the generation of Myc/Igh translocations. We used a previously described PCR/Southern blot assay to determine translocation frequency ( Fig. 4 A) . LiCl treatment of WT cells resulted in a significant threefold translocation increase compared with control (WT: NaCl control 7, and LiCl 21, translocations from 6.4 × 10 6 cells; Fig. 4 , B and C). AID S38A B cells displayed a translocation frequency similar to that of control WT cells irrespective of LiCl treatment (AID S38A : NaCl control 19, and LiCl 18, translocations from 1.22 × 10 7 cells; Fig. 4 C) . Interestingly AID S38A B cells displayed a lower frequency of amplicons recognized by the Igh probe, which sequencing revealed to be internal switch region rearrangements ( Fig. 4 A) . We conclude that AID generates a background rate of translocations in a pS38-independent manner. However, supraphysiologic pS38 levels induce a significant translocation increase. Because DSBs at Myc are a limiting factor in translocation generation, this result is consistent with enhanced pS38 driving DSBs at Myc.
Phosphorylation promotes differential targeting of AId mutation activity
To determine whether pS38 regulates AID mutation activity at Myc, we analyzed the frequency of AID-induced point mutations. AID associates with Myc, but mutation is low because of high-fidelity repair by UNG or mismatch repair (Liu et al., 2008) . Indeed, we found that Myc mutation frequency in WT B cells was not significantly higher than the PCR error rate regardless of treatment (not depicted). Unrepaired uracils accumulate in the absence of UNG, which results in C:G to T:A transition mutations when replicated. B cells deficient in UNG incur more numerous Myc mutations, predominantly at C:G residues (Liu et al., 2008; Yamane et al., 2011) . Therefore, we analyzed Myc in B cells from Ung −/− mice and focused on mutation at C:G. LiCl induced pS38 to a similar extent in WT and Ung −/− B cells ( Fig. 5 A) . In Ung −/− cells, LiCl treatment resulted in a fivefold increase in mutation frequency compared with NaCl control, which was near background ( Fig. 5 B and Table S1 ; Liu et al., 2008; McBride et al., 2008) . This increase is statistically significant and occurred in the 12-h treatment span. Almost all the LiCl-induced mutations were at C:G sites and were transitions, and most were at AID hotspot (WRC) motifs (Table S1 ).
To ensure that the LiCl-induced mutations were caused by AID activity, we stimulated Ung −/− B cells with anti-Rp105, which induced proliferation but not AID expression ( Fig. 5 C; Callén et al., 2007) . In these cells, LiCl did not induce mutation higher than control levels (Fig. 5 B) . To demonstrate the role of pS38 in LiCl-induced mutation, we analyzed B cells from Ung −/− /AID S38A double-mutant mice. Myc mutation was not significantly different from background regardless of treatment ( Fig. 5 B and Table S1 ). To boost the sensitivity and directly detect uracils in Myc, we amplified the same genomic DNA with Pfu-Cx, a mutant polymerase that can amplify uracil-containing DNA . Although we found a mutation frequency higher than background level, there was no difference between LiCl-treated and control NaCl-treated cells (Fig. S2) . Strikingly, and in contrast to Myc, LiCl treatment resulted in a threefold mutation decrease at the switch µ (Smu) region ( Fig. 5 B and Table  S1 ), suggesting dynamic alterations in AID activity targeting.
To ensure that LiCl did not alter target transcription rates, we analyzed the relative levels of Smu region and Myc transcripts (Fig. 5 , D and E) by quantitative RT-PCR and observed no change in transcript levels after LiCl treatment. We concluded that LiCl treatment results in differential AID-induced mutation, with an increase at the off-target Myc gene and no increase at the on-target Smu region. This is consistent with differential targeting of AID-induced recombination, where an increase in Myc translocation coincides with a decrease in CSR (Figs. 3 C and 4 C). Because DSBs at Myc are limiting in the formation of Myc/Ig translocations, even the reduced CSR in AID S38A B cells should not be limiting. Our analysis of B cells from AID S38A mice supports the conclusion that pS38 increased AID activity at Myc. To determine whether LiCl-induced pS38 increased mutations at other loci, we examined the Ly6e and Il4ra genes, both reported to be AID targets (Robbiani et al., 2009; Yamane et al., 2011) . However, we did not see increased mutation (Table S1 ), suggesting that not all loci are affected by LiCl-induced pS38. To determine the extent of LiCl-induced AID activity genome-wide, we assessed DSB formation by γH2AX foci formation (Fig. 5 F) . Although the percentage of cells with foci was slightly increased in WT LiCl-treated cells (WT: NaCl 68%, LiCl 86%), the number of foci in each γH2AX-positive-staining cell was significantly increased (WT: NaCl 3.8 vs. LiCl 6.7 foci/cell) This increase was AID and pS38 dependent, as it did not occur in AID −/− or AID S38A cells (Fig. 5 G) .
concluding remarks
How AID mutator activity is targeted is a critical question related to lymphomagenesis. AID has promiscuous genomic occupancy, but the involvement of posttranslational modifications in regulating AID off-target activity has not been studied. We show that pS38 is a major contributor to differential mutation activity. AID S38A B cell analysis suggests that pS38 is regulating AID physiological activity at the Ig but not the Myc locus. Our discovery that LiCl alters AID pS38 levels allowed us to examine the consequences of enhanced pS38 levels. We performed a variety of activity analyses comparing 10 mM LiCl treatment for 12 h (Figs. 2, 3, 4, and 5 ). Our results suggested that AID phosphorylation can dynamically target AID activity at different genomic locations and contribute to genome instability. Although our γH2AX foci analysis demonstrated that AID activity was increased at multiple loci, mutational analysis of Il4ra and Ly6e genes suggested that only a subset of AID targets may be affected.
The observed LiCl-induced AID activity might suggest an association of long-term lithium use with lymphoma; however, such a prediction is complicated. Although B cell tumors have been reported in long-term lithium users, significant lymphoma incidence has not. Furthermore, long-term lithium use is actually associated with an overall lower incidence of cancer (Martinsson et al., 2016) . Lithium affects several pathways that affect B cell function and are potential therapy targets, such as GSK3 in multiple myeloma (Piazza et al., 2013) . In this study, we focused on pS38 alterations during short-term LiCl treatment because longer treatment complicates the epigenetic and gene expression landscape. We targeted GSK3 because previous studies suggested that the pathway regulated AID activity in CSR (Omori et al., 2006; Thornton et al., 2016) . Although lithium is a GSK3 inhibitor (IC 50 2 mM), use of the specific GSK3 inhibitor CHIR99021 did not mimic the effects of lithium. Using CHX, we demonstrated that enhanced pS38 is a direct effect and not caused by gene expression alterations. Quite a number of signaling pathways, including PI3K/Akt, Wnt/B-Catenin, MEK/ERK, oxidative stress, PI/PKC, and cAMP, are affected by lithium ( Fig. S1 D; Lenox and Wang, 2003; Chiu et al., 2013) . The molecular mechanisms and spectra of pathways modulated by lithium are not completely understood. Altered signaling is a common feature of lymphomas and a consequence of some therapies, the potential of which to affect genome instability and tumor resistance through AID is only beginning to be realized (Compagno et al., 2017) . The unexpected finding that a drug in clinical use can alter AID activity targeting suggests that a more comprehensive picture of the signaling pathways that impact AID phosphorylation is needed.
MAtErIAlS And MEtHodS Mice
Wild-type, Aicda −/− (Muramatsu et al., 2000) , Aicda F/F (Pavri et al., 2010) , Ung −/− (Endres et al., 2004) , and Aicda S38A/S38A (McBride et al., 2008) were on C57BL6/J background. Animals were bred and housed at the accredited University of Texas MD Anderson Cancer Center animal facility. All work was approved by the Institutional Animal Care and Use Committee in accordance with the National Institutes of Health guidelines for use of live animals. cell culture and treatment B cell isolation and culture have been previously described (McBride et al., 2006) . Naive B cells were purified from mouse spleens by anti-CD43 bead (Miltenyi Biotec) depletion and cultured in LPS (25 µg/ml; Sigma-Aldrich) and IL-4 (5 ng/ml; Sigma-Aldrich) together or 2.5 µg/ml anti-Rp105/ CD180 (BD Biosciences) for 72 h. CH12 cells (Nakamura et al., 1996) were stimulated with TGF-β (1 ng/ml; R&D Systems), IL-4, and either LPS (25 µg/ml) or anti-CD40 antibody (1 µg/ml; eBioscience) for 48 h. Treatments with CHIR99021 (Selleckchem), cycloheximide (Sigma-Aldrich), NaCl, LiCl, and LiAc (Sigma-Aldrich) were initiated at indicated times before culture harvest and analysis. All NaCl/LiCl treatment comparisons were between cells of the same cultures.
Flow cytometry
For Ig class switch assays, cell suspensions were stained with allophycocyanin-conjugated anti-IgG1 antibodies (BD Biosciences). Samples were acquired on a LSRFortessa (BD) and analyzed with FlowJo (Tree Star). Flow cytometric analysis of surface Ig expression was performed on day 3 of culture with scatter gating and propidium iodide staining to exclude dead cells. Means were obtained from triplicate cultures of six spleens in two independent experiments.
chromosome translocation assay
The translocation assay has been previously described (Kovalchuk et al., 1997; Ramiro et al., 2004; Gazumyan et al., 2011) . Naive B cells were cultured with LPS and IL-4 for 72 h, with LiCl treatment for the final 12 h. PCR reactions (10 5 cells per reaction) were performed with first-round PCR primers, 5′-ACT ATG CTA TGG ACT ACT GGG GTC AAG-3′ and 5′-GTG AAA ACC GAC TGT GGC CCT GGAA-3′, and second-round PCR primers, 5′-CCT CAG TCA CCG TCT CCT CAG GTA-3′ and 5′-GTG GAG GTG TAT GGG GTG TAG AC-3′, to amplify Myc/Igh translocations. Amplicons were confirmed as translocations with reactivity to both Southern blot probes Myc, 5′-GGA CTG CGC AGG GAG ACC TAC AGG GG-3′, and Igh, 5′-GAG GGA GCC GGC TGA GAG AAG TTG GG-3′. Data are a summary of four independent experiments, and p-values were calculated by twotailed Fisher's exact test.
cell lysis and chromatin fractionation
Total cell lysates were made by 30-min RIPA buffer with protease inhibitor (0.2 mM PMSF, 1 µg/ml aprotinin, 1 µg/ ml leupeptin, 1 µg/ml pepstatin, and 2 mM EGTA) and phosphatase inhibitor (25 mM NaF, 1 mM sodium orthovanadate, 50 mM disodium β-glycerolphosphate, and 10 mM sodium pyrophosphate) extraction and used for immunoprecipitation or direct Western analysis. Chromatin fractionation was a modification from Perfetti et al. (2015) . Cells were lysed in EBC-1 buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 1 µg/ml aprotinin, 1 μg/ml leupeptin, 1 µg/ml pepstatin, 2 mM EGTA, 25 mM NaF, 1 mM sodium orthovanadate, 50 mM disodium β-glycerolphosphate, and 10 mM sodium pyrophosphate). Nuclear pellets were collected, washed in EBC-1, and resuspended in EBC-2 (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM CaCl 2 , 0.2 mM PMSF, 1 µg/ml aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 2 mM EGTA, 25 mM NaF, 1 mM sodium orthovanadate, 50 mM disodium β-glycerolphosphate, and 10 mM sodium pyrophosphate) for 30 min. The insoluble chromatin was pelleted, washed with EBC-2, resuspended in RIPA buffer, sonicated, and analyzed as the chromatin-bound fraction.
Antibodies and protein analysis
The antibodies used in this study were anti-pS38 (McBride et al., 2006) , anti-AID (30F12 from Cell Signaling Technology or McBride et al. [2004] ), and anti-α-tubulin (Sigma-Aldrich). Anti-γH2AX (20E3), anti-histone H3 (D1H2), anti-CDC6 (C42F7), and phospho-substrate antibodies 9611, 2261, and 9621, all from Cell Signaling Technology. Anti-FLAG M2 agarose (Sigma-Aldrich) was used for Flag immunoprecipitation and eluted with Flag peptide. Immunoprecipitated AID or cell lysates (70 µg) were separated on 12% NuPAGE (Invitrogen), transferred to PVDF membrane, probed with anti-pS38 antibody, stripped, and probed with anti-AID and then anti-α-tubulin antibody. Band intensity was quantified with ImageJ, and the ratios of pS38 to AID or AID to H3 signals were calculated. Relative changes were normalized to control samples.
Mutation and dnA damage analysis in primary B cells
Mutations were analyzed in cultured B cells from Ung −/− or Ung −/− Aicda S38A/S38A double-mutant mice. B cells were isolated from five separate mice and cultured independently. A fragment from the upstream region of Igh Smu region, Myc, Ly6e, or Il4ra genes was amplified with PfuTurbo (Agilent) under the following cycling conditions: 95°C for 3 min, then 25 cycles of 95°C for 30 s, 54°C for Myc and 57°C for Smu for 15 s, 68°C for 2 min, and 72°C for 7 min. Each group was amplified in triplicate and cloned into pCR4-TOPO (Invitrogen), and individual colonies were sequenced. Statistical significance was determined by two-tailed Student's t test assuming unequal variance. Primers used (Robbiani et al., 2009; Yamane et al., 2011) were Sμ: forward, 5′-GAC CCA GGC TAA GAA GGC AATC-3′, and reverse, 5′-GCG GCC CGG CTC ATT CCA GTT CAT TAC AG-3′; Myc: forward, 5′-TGG TCT TTC CCT GTG TTC TTT CTG-3′, and reverse, 5′-GAC ACC TCC CTT CTA CAC TCT AAA CCG-3′; Ly6e: forward, 5′-CTT GGG TGC ATT CAG CCT TTG-3′, and reverse, 5′-CCT GAG GAA CAC CTC CAC AAAC-3′; and Il4ra: forward, 5′-GAG CCT GAA CTC GCA GGT AG-3′, and reverse, 5′-CCC TCA GTC AGA GAG CAC AG-3′.
γH2AX foci formation analysis was performed according to Hasham et al. (2010) . Cultured cells were from two mice per experiment. Cells were formaldehyde fixed, permeabilized, blocked, and stained with DAPI, anti-phospho γH2AX antibody, and anti-rabbit secondary antibody. Fluorescence microscopy was preformed with a Zeiss Axiophot, 63× objective, and the mean number of foci per cell was calculated from 150 cells per group.
Quantitative Pcr for Myc and germline transcripts RNA from treated, cultured B cells was extracted with GenElute mammalian total RNA miniprep kit (Sigma-Aldrich), and cDNA was produced with Superscript II reverse transcription (Invitrogen) according to the manufacturer's protocol. Quantitative PCR was performed using Brilliant III SYBR Green Q-PCR Master Mix (Agilent). Reactions were performed in triplicate from B cells of three mice of each genotype. MX3005P Q-PCR software (Stratagene) was used for analysis, and values were normalized to GAP DH. Primers used (Bothmer et al., 2013) were μGLT: forward, 5′-TAG TAA GCG AGG CTC TAA AAA GCA-3′, and reverse, 5′-AGA ACA GTC CAG TGT AGG CAG TAGA-3′, and Myc: forward, 5′-TGG AAC TTA CAA TCT GCG AGC CAG-3′, and reverse, 5′-TCG CTC TGC TGT TGC TGG TGA TAG-3′. online supplemental material Fig. S1 shows anti-pS38 antibody recognition of enhanced AID phosphorylation. Fig. S2 shows the mutation frequency of Myc in AID S38A B cells using Pfu-Cx polymerase. Table S1 shows the mutation analysis of Myc and Igh Smu.
